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376 J O U R N A L O F P R O T E O M I C S 9 1 ( 2 0 1 3 ) 3 7 5 – 3 8 4the data with PeptideProphet peptide identification probability (p ≥ 0.9), could detect most
of theMS/MS spectra containing inaccurate precursormasses. Furthermore, through the
implementation of artificial mass shifts on 4000 randomly selected MS/MS spectra,
which originally had accurate precursor mass assigned by the mass spectrometers, we
demonstrated that the accuracy of the precursor mass has almost negligible influence
on the efficacy and fidelity of peptide identification.
Biological significance
Integral precursor mass shift is a known problem and thus proteomic data should be
handled and analyzed properly to avoid losing important protein identification and/or
quantification information. A quick and easy approach for estimating the number of MS/MS
spectra with inaccurate precursor mass assignments would be helpful for evaluating the
performance of the instrument, determining whether the data requires curation prior to
database search or should be searched with specific search parameter(s). Here we
demonstrated most of the MS/MS spectra with inaccurate mass assignments (integral or
non-integral changes) that could be easily identified by database search with large
precursor tolerance windows.
© 2013 The Authors. Published by Elsevier B.V. All rights reserved.1. Introduction
Mass spectrometry (MS), due to its diverse applications in
qualitative and quantitative proteomic analysis, has become
an essential tool frequently applied in basic and biomedical
researches [1–12]. The advancements in instrumentation
[13–17], labeling chemistry [4–6,18], bioinformatics [19–25], etc.
have expedited proteomic research in the past decade and a
large number of proteins can be identified and quantified at
high efficiency and with high reliability.
Despite high-end mass spectrometers could perform highly
accurate measurements of the peptide ion mass/charge ratios
(m/z) in proteome analysis, deviations of the measured from
calculated precursor neutral masses in LTQ-Orbitrap data have
been reported in previous studies [26–29]. This phenomenon is
not too surprising because each peptide ion is present in the
form of an isotopic cluster, and the precursor m/zmeasurement
and monoisotopic mass assignment are two related but
separate processes during data acquisition. The inaccuracy
of the recorded precursor masses in the raw data may result
from computational misassignment of the precursor mass to
a heavier isotopic peak instead of the ideal monoisotopic
peak during isotopic-cluster deconvolution or posttransla-
tional modifications (e.g., +1 Da shift in deamidation of
asparagine and glutamine to aspartate and glutamate) or
other reasons. To take advantage of high-accuracy precursor
mass measurement in data analysis, software such as the
extract_msn (Thermo Scientific, San Jose, CA), DeconMSn,
Bulleye, YADA and a Perl script by Scherl et al. (2008) has
been developed for post-acquisition curation of the misassigned
precursor masses in raw data prior to database searching to
enhance peptide identification [26–29]. For instance, after the
curation of the precursor mass in a Pseudomonas aeruginosa
dataset, approximately 10% more peptides were identified, and
the false discovery rate (FDR) was reduced from 1 to 0.2% [27].
A simple approach for estimating the fraction of MS/MS
spectra with precursor mass shifts is useful not only for
monitoring the accuracy of mass assignments in mass spec-
trometry and improvements of mass spectrometers (i.e., data
acquisition hardware and software) but also helpful for revealingthe successful rate in precursor mass curation. Database
searching with a large tolerance window is apparently a
possible approach for the identification of spectra with precur-
sor mass shifts since it has been used in the analysis of low
mass accuracy data. However, amajor concern of this approach
is that this may lead to the loss of search sensitivity since each
peptide match must now compete against a larger pool of
candidate peptides, each of which has a chance to randomly
score higher than the correct peptide [30]. To demonstrate the
feasibility of using a large precursor tolerance window in
SEQUEST searches to monitor most, if not all, of the precursor
mass shifts, we examined the FDRs and compared the
conserved and conflicted peptide identifications in 11 different
searchwindows, ranging from 5 ppm to very large 15.1 Da, of the
proteomic data from a prokaryote Halobacterium salinarum strain
NRC-1 and human lung adenocarcinoma cancer cell lines (CL1-5
[31] and H23 (ATCC, Manassas, VA)) obtained with twomodels of
LTQ-Orbitrap mass spectrometers (i.e., the earlier installed “XL”
and the relatively newer model “Discovery”). In addition, we also
analyzed the influence of artificially implemented integral and
non-integral precursor mass shifts in peptide identification with
a large precursor tolerance window of 2.1 Da. Details of our
analyses and the influence of inaccurate precursor mass in
peptide identification are discussed in detail below.2. Materials and methods
2.1. Proteome samples
H. salinarum strain NRC-1 (ATCC 700922) cell lysate samples
were prepared from cells grown in CM+ medium [32,33] at
37 °C as previously described [34]. Human lung adenocarcino-
ma cell lines H23 (ATCC, Manassas, VA) and CL1-5 [31] were
cultured in RPMI-1640 medium at 37 °C and 5% CO2 to 80–90%
confluence in 75 cm2 flasks (Corning, Corning, NY) and then
lysed in cell lysis buffer containing a protease inhibitor
cocktail (Sigma, St. Louis, MO) [35]. Approximately 100 μg of
protein were digested with 2 μg sequencing grade modified
trypsin (Promega, Madison, WI) in a total volume of 500 μl of
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Louis, MO) at 37 °C for 12 h. The hydrolysates were vacuum
dried and purified using a C18 mini-spin column (Pierce,
Rockford, IL) according to the manufacturer's procedure.
2.2. Tandem mass spectrometry
Peptides were analyzed by LC–MS/MS using the LTQ-Orbitrap XL
(samples: H. salinarum and CL1-5; instrument was installed in
2007 with the following software: XCalibur 2.0.7, FT programs
2.0.7, and LTQ-Orbitrap XL MS2.4 SP1) and LTQ-Orbitrap Discov-
ery (samples: H. salinarum and H23; instrument was installed in
2009 with the following software: XCalibur 2.0.7, FT programs
2.0.7, and LTQ-Orbitrap Discovery MS2.4 SP2) (Thermo Scientific,
San Jose, CA) as previously described [36,37]. With the exception
of the CL1-5 sample, each proteomewas analyzed by five MS/MS
in which the MS survey scans were acquired over one full m/z
range of 400–2000 and by gas-phase fractionation within four
smallerwindowsof 400–520, 516–690, 685–968, and 963–2000 m/z.
The CL1-5 sample was analyzed with an extra run of full m/z
range.
2.3. Computational analysis of MS/MS spectra
MS raw data in Thermo XCalibur (version 2.0.7) binary format
were converted to the mzXML open data format using a
modified version of the ReAdW program [38]. SEQUEST (version
27) [19] was applied to search the MS/MS spectra against the
combined forward and reversed (decoy) protein sequences ofH.
salinarum (2427 proteins; EMBL-EBI Integr8, www.ebi.ac.uk/
integr8/EBI-Integr8-HomePage.do) or human (38,425 proteins)
plus bovine (22,863 proteins) (GenBank reference sequences,
www.ncbi.nlm.nih.gov) [20]. The search parameters included 11
different precursor mass tolerance settings (5, 10, and 25 ppm,
and 0.1, 1.1, 2.1, 3.1, 4.1, 5.1, 10.1, and 15.1 Da), possible
oxidation of the methionine (+16.0 Da) residue, and defaultTable 1 – Summary of the numbers of target and decoy peptid
precursor mass tolerances.
Organism (MS model)
Precursor mass 
tolerance
5 ppm 10 ppm 25 ppm 0
H. salinarum
H. salinarum
Human
Human
# peptide matches 5375 6270 6754
# decoy matches 3 5 10
FDR (%) 0.06 0.08 0.15
# peptide matches 3561 4210 4853
# decoy matches 16 11 19
FDR (%) 0.45 0.26 0.39
# peptide matches 2245 3797 4092
# decoy matches 1 2 17
FDR (%) 0.04 0.05 0.42
# peptide matches 4402 4970 5589
# decoy matches 22 16 24
FDR (%) 0.50 0.32 0.43
(LTQ-Orbitrap Discovery)
(LTQ-Orbitrap XL)
(LTQ-Orbitrap Discovery)
(LTQ-Orbitrap XL)
aOnly the peptide and decoy matches with a PeptideProphet probability ≥ 0
bFDR = (# decoy matches)/(# peptide matches) × 100%.settings of other parameters, including fragment ion toler-
ance of 0.18 Da and a minimum of five matched peaks, as
suggested by the software developers. The cleaving agent
was not specified for non-constraint database searches.
SEQUEST results were further processed using the Trans
Proteomic Pipeline [20,39–41] as previously described [36,37].
Peptides and decoy sequences with a PeptideProphet prob-
ability ≥ 0.9 were considered as significant hits. False
discovery rate (FDR) = (number of decoy peptide matches/
number of peptide matches) × 100%.
2.4. Artificial shifts in precursor masses and peptide
re-identifications
To examine the influence of precursor mass shifts (or inaccurate
precursormasses) on peptide identification, 4000MS/MS spectra,
which were found to have the precursor mass correctly assigned
to the monoisotopic peak (≤ 50 ppm error) in SEQUEST
search of the original data (precursor tolerance: 2.1 Da),
were randomly selected from each dataset to create the
artificial mass shifted datasets. The precursor neutral mass
in each MS/MS spectrum with a recorded charge state
within the mzXML data files was artificially altered by
adding or subtracting 0.5, 1.0, 1.5 or 2.0 Da to create a total of
32 artificial mass shifted datasets with a Perl script. The new
data files were analyzed again with the SEQUEST search
algorithm and a precursor tolerance of 2.1 Da. The peptides
identified in the artificial mass shifted and original MS/MS
datasets were compared.
2.5. Proteomic data
The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository [42]
with the dataset identifier PXD000082.e matchesa and FDRsb in SEQUEST searches with different
.1 Da 1.1 Da 2.1 Da 3.1 Da 4.1 Da 5.1 Da 10.1 Da 15.1 Da
7027 7364 7317 7332 7322 7311 7293 7263
17 17 18 24 23 24 23 24
0.24 0.23 0.25 0.33 0.31 0.33 0.32 0.33
5124 6934 7290 7366 7411 7435 7499 7941
29 33 25 27 31 35 38 36
0.57 0.48 0.34 0.37 0.42 0.47 0.51 0.45
4224 4206 4162 4171 4169 4170 4185 4167
12 6 6 6
0.28 0.19 0.12 0.14 0.17 0.14 0.14 0.14
5768 6509 6848 7132 7181 7184 7183 7148
16 11
8 5 6 7
9 19 20 18 23 20
0.28 0.17 0.13 0.27 0.28 0.25 0.32 0.28
.9 were counted.
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3.1. Peptide identifications increased and FDRs remained
low in large precursor tolerance searches
The number of peptide identifications and false discovery rates
were examinedafter searching theLC–MS/MSdataofH. salinarum
and human CL1-5 and H23 lung cancer cell lysates with the
SEQUEST algorithm [19] against the H. salinarum or human plus
bovine forward and decoy protein sequence database. ThenTable 2 – Pairwise comparisons of the conserved, conflicted,
different precursor mass tolerances.
5 ppm 10 ppm 25 ppm 0.1 Da 1.1 Da 2.1 Da 3.1 Da 4.1 Da 5.1 Da 10.1 Da 15.1 Da
5 ppm 10 ppm 25 ppm 0.1 Da 1.1 Da 2.1 Da 3.1 Da 4.1 Da 5.1 Da 10.1 Da 15.1 Da
5375 5262 5287 5311 5257 5242 5226 5215 5200 5181 5173a 
11b
96.2%c 
6270
0 0 1 2 5 9 8 8 10
97.9% 98.4% 98.8% 97.8% 97.5% 97.2% 97.0% 96.7% 96.4%
6164 6188 6131 6108 6090 6076 6062 6037 6020
19181313139610
96.0%96.3%96.7%96.9%97.1%97.4%97.8%98.3% 98.7%
6754 6660 6541 6498 6481 6463 6452 6420 6399
292821212116101
94.7%95.5% 95.1%95.7%96.0%96.2%96.8%98.6%
7027 6748 6675 6653 6629 6613 6560 6535
2827212121149
96.0% 95.0% 94.7% 94.3% 94.1% 93.4% 93.0%
7364 7243 7218 7194 7171 7106 7074
4 7 7 7 8 9
98.4% 98.0% 97.7% 97.4% 96.5% 96.1%
7317 7276 7247 7221 7153 7119
3 2 2 2 2
7332
0 0 0 0
7322
7311
0 0 0
0 0
97.3%97.8%98.7%99.0%99.4%
7290 7265 7189 7150
99.4% 99.1% 98.0% 97.5%
7292 7212 7171
99.6% 98.5%
98.8% 98.2%
97.9%
7222 7182
7293 7242
0
99.3%
15.1 Da 
(10) 7263
2245 2218 2214 2216 2191 2168 2163 2161 2155 2157 2146
95.6%96.1%96.0%96.3%96.3%96.6%97.6%98.7%98.6%
94.6%95.0%95.2%95.4%95.5%95.8%96.8%98.5%
94.2%94.7%94.8%94.9%95.3%95.4%96.4%
93.2%93.8%93.8%93.9%94.2%94.3%
96.6%97.1%99.1%97.1%97.4%
97.9%98.5%98.9%99.1%
98.2%98.9%99.3%
98.6%99.3%
98.7%99.4%
99.7%
99.4%
99.5%
97.3%
95.7%
98.7%
98.3%
98.8%
3797
4092
4224
4206
6 6 8 7 7 7
4162
4171
4169
4170
3731 3741 3675 3636 3627 3621 3615 3607 3592
4039 3943 3904 3899 3885 3880 3877 3856
4042 3983 3981 3968 3964 3962 3938
4092 4097 4085 4084 4086 4061
4140 4124 4118 4101 4076
4146 4143 4126 4097
4156 4140 4110
4144 4114
4185 4145
99.0%
15.1 Da 
(12)
4167
10 ppm 
(14)
25 ppm 
(28)
H. salinarum (LTQ-Orbitrap Discovery)
5 ppm 
(21)d 
0.1 Da 
(105)
1.1 Da 
(23)
5.1 Da (0)
10.1 Da 
(3)
2.1 Da (2)
3.1 Da (3)
4.1 Da (0)
5 ppm (5)
10 ppm 
(18)
25 ppm 
(19)
0.1 Da 
(51)
1.1 Da (8)
2.1 Da (3)
3.1 Da (1)
4.1 Da (0)
5.1 Da (0)
10.1 Da 
(2)
Human (LTQ-Orbitrap Discovey)
6664755200
976364300
118756340
8675745
2 3 4 7 7
5 4 6 6
6 5 5
7 7
2
aThe numbers of conserved peptide identifications and bnumbers of conf
cPercentages of conserved peptide identifications; i.e., peptides identified
(horizontal).
dThe numbers within the parentheses indicate the number of peptides o
⁎Only the peptides identified with a PeptideProphet probability ≥ 0.9 were cthe significant hits were filtered using a PeptideProphet peptide
identification probability of 0.9. Analysis of the search results
performedwith eleven different precursor tolerance settings (5,
10, and 25 ppm, and 0.1, 1.1, 2.1, 3.1, 4.1, 5.1, 10.1, and 15.1 Da)
indicated that the number of spectra with peptide matches
was increased as the precursor mass tolerance setting in-
creased from 5 ppm to the larger tolerances and reached the
plateau at around 0.1 Da (human data obtained with the
LTQ-Orbitrap Discovery), 1.1 Da (NRC-1 data obtained with
the Discovery), or 4.1 Da (NRC-1 and human data obtained
with the LTQ-Orbitrap XL) (Table 1). In comparison with theand unique peptide matches* in SEQUEST searches with
5 ppm 10 ppm 25 ppm 0.1 Da 1.1 Da 2.1 Da 3.1 Da 4.1 Da 5.1 Da 10.1 Da 15.1 Da
5 ppm 10 ppm 25 ppm 0.1 Da 1.1 Da 2.1 Da 3.1 Da 4.1 Da 5.1 Da 10.1 Da 15.1 Da
3561 3471 3495 3515 3504 3488 3476 3473 3477 3474 3460
0 0 0 2 5 5 7 7 8 7
97.5% 98.1% 98.7% 98.4% 98.0% 97.6% 97.5% 97.6% 97.6% 97.2%
4210 4125 4126 4115 4087 4068 4066 4070 4070 4039
696655300
98.0% 98.0% 97.7% 97.1% 96.6% 96.6% 96.7% 96.7% 95.9%
4853
15201515121380
97.4% 96.7% 95.6% 95.0% 95.0% 95.1% 95.0% 93.8%
5124
1419141411127
96.6% 95.5% 94.9% 94.9% 94.9% 94.8% 93.5%
6934
4726 4694 4639 4612 4610 4614 4610 4552
6766 6715 6699 6697 6684 6530
11 10 12 11 14 12
97.6% 96.8% 96.6% 96.6% 96.4% 94.2%
7290
7366
7411
7435
0 0
4949 4892 4864 4861 4865 4859 4789
7210 7189 7179 7151 6986
0 0 0 0 0
98.9% 98.6% 98.5% 98.1% 95.8%
7316 7297 7255 7067
0 0 0 0
99.3% 99.1% 98.5% 95.9%
7385 7333 7119
0 0 0
99.6% 98.9% 96.1%
7367 7134
99.1% 96.0%
7499 7158
0
95.5%
15.1 Da 
(776) 7941
4402
97.0% 97.3% 97.8% 94.2% 93.0% 93.2% 93.2% 93.0% 92.7% 92.5%
97.7% 97.7% 93.8% 92.6% 92.6% 92.6% 92.5% 92.3% 92.0%
96.9% 91.3% 90.1% 90.3% 90.3% 90.1% 89.8% 89.3%
92.0% 90.4% 90.7% 90.7% 90.6% 90.2% 89.8%
96.9% 96.3% 96.4% 96.1% 95.8% 95.1%
98.1% 98.1% 97.8% 97.5% 96.5%
99.1% 98.8% 98.1% 96.8%
99.1% 98.3% 97.0%
98.8% 97.4%
4970
5592 5417 5105 5037 5049 5048 5039 5021 4994
5768
6509 6304 6270 6274 6258 6238 6188
6848
7132
7180
4271 4282 4303 4145 4096 4104 4102 4095 4082 4070
4854 4856 4663 4603 4602 4603 4598 4587 4571
5304 5217 5230 5233 5225 5204 5177
6719 6715 6694 6678 6608
7117 7059 6966
7184
7067 7047 6995 6907
7097 6996
7183 7045
98.1%
15.1 Da 
(41)
7148
10 ppm 
(18)
25 ppm 
(37)
H. salinarum  (LTQ-Orbitrap XL)
5 ppm (8)
0.1 Da 
(65)
1.1 Da 
(59)
5.1 Da (5)
10.1 Da 
(66)
2.1 Da (6)
3.1 Da 
(11)
4.1 Da (0)
5 ppm 
(37)
10 ppm 
(23)
25 ppm 
(78)
0.1 Da 
(64)
1.1 Da 
(23)
2.1 Da 
(15)
3.1 Da 
(11)
4.1 Da (1)
5.1 Da (1)
10.1 Da 
(4)
Human (LTQ-Orbitrap XL)
13101110934010
17161515147723
3130282321192213
34323329292523
32 32 21 27 26 34
25 21 26 20 27
26 26 26 28
32 28 30
16 23
28
licted matches (red) between two SEQUEST searches.
in both the smaller (vertical) and larger precursor tolerance windows
nly identified in the specified precursor tolerance windows.
ounted.
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imately 2000 more H. salinarum or human peptides were
identified in the large precursor tolerance searches of the
data from the Discovery model and a much bigger increase in
searches of data from the XL model. Disregarding the instru-
ments and size of the precursor tolerance windows used to
collect and analyze the proteomic data, respectively, the FDRs
in all the search results are below 0.6%.
3.2. Peptide identified in small precursor tolerance searches
is highly conserved in larger search windows
Comparisons of the peptides identified between different
searching windows which indicated a large proportion of
peptides detected with smaller precursor tolerances were also
identified in searches with larger windows (Table 2). For
instance, more than 95% of H. salinarum peptides detected in
the ±5, 10, or 25 ppm searches were also identified in searches
with larger precursor tolerances between 0.1 and 10.1 Da.
Similarly, 94.2 to 98.8% and 89.3 to 97.8% of human peptides
identified in the ±5, 10, or 25 ppm searches were also detected
in searches of the data collected with the Discovery and XL
instruments, respectively, with larger precursor tolerances.
Differences between the large search windows are smaller;
e.g., 97.5 to 99.5% of H. salinarum and human peptides
identified in searches with a precursor tolerance of 2.1 DaTable 3 – Summary of the numbers and percentages of peptide
# peptide 
matchesa
% identifica
93.4%6833None (monoisotopic peak)
None (monoisotopic peak)
6.3%462
0-3 Da shift
-2 Da shift
-1 Da shift
+1 Da shift
+2 Da shift
+3 Da shift
-3 Da shift
-2 Da shift
-1 Da shift
+1 Da shift
+2 Da shift
+3 Da shift
24
14
413
10
1
0.3%20
7315Total
Total
97.0%4066
2.8%119
0
45
0
74
0
0
Non-integral shiftb 0.2%7
4192
Type of mass shiftOrganism
H. salinarum
Human
Integral shift (total)
Integral shift (total)
Non-integral shiftb
LTQ-Orbitrap D
aOnly the peptides identified in five or more searches (Precursor mass to
counted.
bPeptides having mass shift > 50 ppm after adding or subtracting an intewere also identified in the searches with larger precursor
tolerances between 3.1 and 10.1 Da.
3.3. Conserved identification of precursor mass shifts in
large tolerance searches
Analysis of the differences between the calculated and
measured masses of the identified peptides indicated that
mostly integral instead of randomly distributed non-integral
mass shifts are present in the SEQUEST search results (Supple-
mentary Fig. 1). Apparently, the data from the newer model of
the LTQ-Orbitrap mass spectrometer (i.e., Discovery) had
relatively more accurate precursor mass assignments than the
older model (i.e., XL). Among the peptides identified in five or
more of the searches with precursor tolerances ranging from
5 ppm to 15.1 Da, approximately 3 to 27.4% of the identifica-
tions had either an integral or non-integral mass shift (Table 3).
The human lung cancer cell proteomic data obtained with the
LTQ-Orbitrap Discovery had the lowest proportion of peptides
with mass shifts (2.8% integral and 0.2% non-integral changes),
while the NRC-1 data obtained with the LTQ-Orbitrap XL had
the highest fraction of peptides withmass shifts (25.3% integral
and 2%non-integral changes). The large number of spectrawith
±2 and 1 Da precursor mass shifts identified in at least five of
six (i.e., 2.1 Da to 15.1 Da) and five of seven (i.e., 1.1 Da to
15.1 Da), respectively, precursor tolerance searches suggesteds identified with or without precursor mass shifts.
tions
# peptide 
matchesa
% identifications
72.6%5293
25.3%1845
5
10
12
1396
378
44
2.0%148
7286
78.0%5530
20.8%1476
2
24
8
995
373
74
%1.181
7087
27.4%6.6%
22.0%3.0%
iscovery LTQ-Orbitrap XL
% shifted % shifted
lerances: 5 ppm to 15.1 Da) and PeptideProphet probability ≥ 0.9 were
gral number were considered to have non-integral mass shifts.
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cation of precursor mass shifts.
3.4. Precursor mass accuracy has limited influence on peptide
identification
To investigate the influence of the more common ±1 and 2 Da
and less common non-integral mass shifts on peptide identi-
fication andwhethermostmass shifted data could be identified
by a large tolerance search, the precursor masses of MS/MS
spectra were altered with an artificial mass shift and analyzed
by searches with a precursor tolerance of 2.1 Da. At first, the
MS/MS spectra of 4000 peptides (p ≥ 0.9), which were primarily
identified without dramatic mass shift (≤ 50 ppm) by SEQUEST
searches of the original data with a precursor tolerance of
2.1 Da, were randomly picked from each of the H. salinarum
and human datasets. Subsequently, the measured precursor
masses in a total of 16,000 MS/MS spectra were altered by
adding or subtracting 0.5, 1.0, 1.5, and 2.0 Da to produce eight
artificial mass shifted datasets. After searching the altered
dataset against the relevant database, the peptides detected
in the artificial dataset were compared with those identified
from the original data. Disregarding the MS models, sample
sources, and the amplitude of themass shifts, more than 97%
of the peptides (p ≥ 0.9) identified before the changes were
re-identified in the artificial datasets (Table 4). Among these,Table 4 – The peptides of the MS/MS spectra (total: 4000) w
re-identified by search with a precursor tolerance of 2.1 Da.
Species
-2.0 Da -
# peptide matches 3900
% re-identifications 97.5% 9
# conflicted matches
# reduced p value matches 90
# spectra without match 10
# peptide matches 3941
% re-identifications 98.53% 9
# conflicted matches
0
0
# reduced p  value matches
# spectra without match
# peptide matches
% re-identifications
# conflicted matches
# reduced p  value matches
# spectra without match
# spectra without match
# peptide matches
% re-identifications
# conflicted matches
# reduced p  value matches
50
9
3958
99.0% 9
42
0
0
3988
99.7% 9
0
1
1
H. salinarum
(LTQ-Orbitrap Discovery)
H. salinarum
(LTQ-Orbitrap XL)
Human
Types of matches
and % re-identifications a, b, c 
(LTQ-Orbitrap XL)
Human
(LTQ-Orbitrap Discovery)
(MS model)
aPeptides with a PeptideProphet probability ≥ 0.9 were counted as the num
bPeptides with a PeptideProphet probability, 0.5 < p < 0.9 were counted as “
cNo decoy peptide match was found in this analysis.only one H. salinarum MS/MS spectrum obtained with the
LTQ-Orbitrap XL had different peptide identifications be-
tween the original and one of the artificial datasets.4. Discussion
Since there were onlyminor differences between the FDRs in the
results of SEQUEST searches with 11 precursor tolerance settings,
our study indicated that large tolerance searches could be an
efficient means for detecting spectra with inaccurate precursor
mass assignments as well as increasing the number of peptide
identifications in data containing inaccurate precursor masses
(Tables 1, 2, and 3). Even a minor increase in the precursor mass
tolerance, such as 5 ppm to 10 ppmand 10 ppm to 25 ppm, there
were 12.9 to 69.1% and 9 to 18.1% more peptide identifications,
respectively, in searcheswith the largerwindows (Table 2). Bigger
increases in the precursor mass tolerance may lead to a bigger
increase in the number of peptide identifications; e.g., 16.7 and
73.2% more H. salinarum peptides or 9.6 and 37.8% more human
peptides from the LTQ-Orbitrap Discovery and XL, respectively,
were identified when the tolerance was increased from 10 ppm
to 2.1 Da. Among the identified peptides, approximately 2.8 to
25.3% of the spectra with integral mass shifts were detected.
Importantly, the low number of conflicted matches (i.e., spectra
matched to different peptides between two search windows)ith an artificially altered precursor mass were mostly
-1.0 Da +1.0 Da +2.0 Da1.5 Da -0.5 Da +0.5 Da +1.5 Da
3984 3991 3989 3915 3985 3892 3969
9.6% 99.8% 99.7% 97.9% 99.6% 97.3% 99.2%
0 0 0
12 6 7 76 12 63 26
3 45 5
3969 3882 3985 3959 3970 3934 3962
9.23% 97.05% 99.63% 98.98% 99.25% 98.35% 99.05%
0 0 0 0
4 3 4 9
0 1 0 0 0 0 0
23 81 11 37 14 44 19
8 37 4 4 16 22 19
3989 3988 3985 3959 3991 3902 3992
9.7% 99.7% 99.6% 99.0% 99.8% 97.6% 99.8%
1 0 0
9 11 14 41 9 60 8
0 1 1 1
2 1 1 0 0 38 0
3979 3942 3966 3993 3982 3924 3971
9.5% 98.6% 99.2% 99.8% 99.6% 98.1% 99.3%
0 0 0 0 0 0 0
5 41 15 4 9 64 0
16 17 19 3 9 12 29
Precursor mass alterations
ber of peptide matches or conflicted matches.
# reduced p value matches”.
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increasing the search tolerancewouldnot affect the fidelity of the
peptide identifications (Table 2). A small fraction of the peptides
(p ≥ 0.9) identified using a relatively small window was detected
in larger tolerance searches but with a lower PeptideProphet
probability value (e.g., 2.1 Da) (Supplementary Table 1). The
reduction is mainly due to changes in DCn (the relative
difference between the XCorr scores of the first and second
best matches) and/or SpRank (ametric of howwell the top hit
scored relative to other peptides of similar mass in the
database) scores [40], which in turn affected the peptide
identification probability in the PeptideProphet analysis
(Supplementary Fig. 2).
Several interesting differences between the data from the
LTQ-Orbitrap Discovery and XL instruments were observed upon
a closer examination of the distributions of the shifted precursorFig. 1 – MS/MS spectra obtained with twomodels of LTQ-Orbitrap in
precursormass shifts. TheH. salinarum (A and B) and human (C and
(B and D) mass spectrometers were searched with a precursor tolera
measuredmasses, represented by the height of the vertical lines (red
(x axis; not to scale) of thematchedpeptides (p ≥ 0.9). Regionswithou
dramatic mass shifts. The molecular weights of the peptides are sho
middle of each panel. The percentages of MS/MS spectra with precu
(Da) of the identified peptides in the four datasets are shown in themasses and molecular weights of the peptides identified with a
large precursor tolerance such as 2.1 Da. First, the frequency and
distribution of the mass shifts seemed to be partly associated
with the size of the peptides. As the molecular weight of the
identified peptides increased, the frequency of spectrawithmass
shifts was also dramatically increased in the H. salinarum and
human datasets obtained with the LTQ-Orbitrap XL and to a
lesser extent in the human dataset obtained with the other
instrument. Although such trend is not obvious among the
relatively small peptides identified in theH. salinarum dataset
obtained with the LTQ-Orbitrap Discovery, there were still
more mass shifts among the peptides with a molecular
weight above 3000 Da (Fig. 1). Second, +1 and +2 Da shifts
are more predominant in the XL data and +1 and −2 Da
changes are more abundant in the Discovery data (Table 3).
Finally, there were approximately four- and seven-fold fewerstruments have different distributions and frequencies of
D) proteomic data from LTQ-Orbitrap Discovery (A and C) and XL
nce of 2.1 Da. The differences between the calculated and
), were plotted against the ascending order ofmolecularweights
t red-colored vertical lines containedpeptides identifiedwithout
wn on top and the numbers of peptides are indicated in the
rsor mass shifts in the indicated range of the molecular weight
histogram (E).
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and human data, respectively, obtained with the newer
LTQ-Orbitrap Discovery installed in 2009 compared to the
XL model installed in 2007. This difference, which might be
influenced by the improvements of the hardware or software
or both, is captured by the large tolerance searches.
The conservation of identification of most of the peptides
after the implementationof artificialmass shifts of ±0.5, 1.0, 1.5,
and 2.0 Da (Table 4) in the four datasets further strengthens the
confidence about the feasibility and practicality of using large
precursor tolerances in peptide identification andmonitoring of
precursor mass shifts. More than 99% of the spectra having the
most common +1 or +2 Da shifts (or above 97% of spectra
having any artificial precursor mass shifts) were re-identified
via a combination of SEQUEST, PeptideProphet, target-decoy
database, and large precursor tolerance (2.1 Da) search strategy.
This high rediscovery rate implies that most, if not all, of the
precursor mass shifts could be identified by large tolerance
search and accurate precursor mass is not a prerequisite for
high-fidelity peptide identification. Thus high-confidence
peptide identification could be archived with either expen-
sive high-end or relatively less expensive lower-resolution and
accuracy mass spectrometers.
Deamidations of asparagine or glutamine, may lead to an
approximately 1 Da increase, were examined in peptides
primarily identified with a +1 or +2 Da shift, but the results
indicated that this is not the only contributor of integral mass
shifts. For instance, further analyses of the two Halobacterium
datasets with three different precursor tolerance settings of
25 ppm/2.1 Da/carbon-13 plus variable deamidations (N/Q,
+0.98402 Da) detected approximately 60.5 and 14.5% pep-
tides, respectively, contained one or two deamidated resi-
dues. Among the remaining peptides identified with an
integral mass shift (precursor tolerance of 2.1 Da; adjusted
mass difference ≤ 25 ppm), 22.8 and 41.6% peptides from the
Discovery and XL instrument, respectively, lacked any N or Q
residue (Supplementary Tables 2 and 3). These suggested that
the mass shifted spectra which did not match to deamidated
peptidesmight be related to either the insufficient sensitivity of
search with the variable deamidation parameter or the assign-
ment of precursor ion to a heavy isotope peak. Furthermore, an
X!Tandem search of H. salinarum (LTQ-Orbitrap XL) mgf files
directly converted from the raw data with a different file
converter (MSConvert) also showed the presence of a large
number of integral and non-integral mass shifts (Supplemen-
tary Table 9) [43]. This is in agreement that our observation is
independent with the file converter ReadW.
Here we showed that SEQUEST searching with a large
precursor tolerance would increase the number of peptide
identifications and detect the spectra with either an integral
or non-integral mass shift. A similar results are also obtained
in search with the X!Tandem [22] and Mascot (Matrix Science,
London, United Kingdom) [21] algorithms using different
precursor tolerances on the H. salinarum dataset obtained
with LTQ-Orbitrap XL (Supplementary Tables 6 and 8). As
suggested by Scherl et al., non-integral mass shift might be
resulted from “accidental CID events” where more than one
peptide being simultaneously selected and fragmented to
generate a single tandemmass spectrum [27]. These algorithms
allowdatabase searchwith heavy isotope (carbon-13) tolerance.Thus one may include this optional parameter in database
search to identify spectra with integral mass shifts. Since both
integral (including minus 1 and 2 Da shifts) and non-integral
mass shifts may present in MS/MS data, it may be more
practical to survey their presence and abundance by database
search with a large precursor tolerance.5. Conclusion
Here we presented the evidence that searching proteomic data
with a large precursor tolerance and filtering the search results
with PeptideProphet peptide identification probability are simple
and feasible approaches to monitor the MS/MS spectra with
inaccurate precursor mass assignments. According to the
distribution of the amplitude of mass shifts, the search
tolerance could be adjusted without dramatic influence on
the FDR. Large tolerance search approach does not only lead
to a higher number of peptide identifications, but also
provides information on the approximate number of spectra
with integral or non-integral precursor mass shifts, which
could be useful for comparison of the search results before
and after the curation of precursor masses. Since ±1.0 and 2.0
are the most common precursor mass shifts and larger
tolerance would increase the database searching time, a
search tolerance of 2.1 Da, which could efficiently identify
most of the MS/MS spectra with an altered precursor mass, is
recommended. In addition, this is also an easy means to
monitor the accuracy of the assigned precursormasses inMS/MS
spectra acquired with the instruments from different manufac-
turers as well as to evaluate the improvements in newer mass
spectrometers that lead to more accurate mass assignment.
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